Background: HIV-associated atherosclerosis is a major comorbidity due, in part, to systemic effects of the virus on cholesterol metabolism. HIV protein Nef plays an important role in this pathology by impairing maturation of the main cellular cholesterol transporter ATP-Binding Cassette (ABCA) 1. ABCA1 maturation critically depends on calnexin, an integral endoplasmic reticulum membrane chaperone, and Nef binds to the cytoplasmic domain of calnexin and impairs interaction of calnexin with ABCA1. Overarching goal of the present study was to model Nef-calnexin interaction interface, and identify small molecule compounds potentially inhibiting this interaction.
Introduction
HIV-associated cardiovascular disease is a major comorbidity which affects a large number of HIV-infected patients, both untreated and treated with antiretroviral therapy (ART) [1] . There are multiple mechanisms responsible for this comorbidity, but one that can be directly linked to HIV infection is the systemic effects of the virus on cholesterol metabolism. Our studies demonstrated that the HIV protein Nef impairs cholesterol efflux mediated by the cholesterol transporter ATP-Binding Cassette A1 (ABCA1), leading to lipid accumulation in macrophages and their conversion into the 'foam' cells [2, 3] . Importantly, this activity of Nef targeted not only HIV-infected cells, but also uninfected, bystander cells of multiple tissues, which were affected by Nef released into the blood stream [4] . Studies in animal models demonstrated that this activity of Nef may be responsible for hypoalphalipoproteinemia and high risk of atherosclerosis observed in HIV-infected patients [4] [5] [6] . Of note, Nef can be detected in plasma of HIV-infected patients, both untreated and treated with combination antiretroviral treatment (cART) [7] [8] [9] , providing a possible explanation for persistence of HIV-associated cardiovascular disease in HIV-infected patients with undetectable viral load.
Our recent study identified calnexin, an integral endoplasmic reticulum membrane lectin-like chaperone, as a key player in the mechanism of Nef-mediated inhibition of ABCA1 and cholesterol efflux [10] . Calnexin is a type I transmembrane protein composed of three parts: a lumenal fragment consisting of a globular domain responsible for the interaction with carbohydrates and a proline-rich tandem sequence repeat domain (the P domain) involved in protein-protein interactions, a transmembrane domain, and a cytoplasmic domain [11, 12] . Biochemical analysis demonstrated that Nef binds to the cytoplasmic domain of calnexin and impairs interaction of calnexin with ABCA1 (supposedly by inducing a conformational change in calnexin), thus affecting ABCA1 maturation [13] . Molecular modelling predicted the interaction site in Nef structure and biochemical analysis confirmed that lysine residues in positions 4 and 7 in Nef were essential for interaction with calnexin [13] .
Methods
Calnexin cytoplasmic domain and Nef model structures Models of Nef and calnexin cytoplasmic domain were built by us previously as described in [13] . Nef modelling was performed for the target sequence P03407 (HIV-1 group M subtype B isolate ARV2/BRU), calnexin modelling for the P27824 (CALX_HUMAN) human calnexin. The available model of calnexin cytoplasmic domain was used as a starting structure for molecular dynamics calculations.
Molecular dynamics
Energy minimization, equilibration, and production runs were performed with NAMD software [14] . Initial structure preparation and trajectory post-processing were done with VMD software package [15] . Applied force field parameter set for protein was Chemistry at HARvard Macromolecular Mechanics (potential), version 27 (CHARMM27) with Correction MAP (CMAP) dihedral correction [16, 17] . Single-protein molecule was placed within the rectangular unit cell of size 78 Â 76 Â 70 Å , and solvated using TIP3P molecules [18, 19] . System net charge was neutralized by adding Na þ and Cl À ions. NaCl concentration was 0.15 mol/l to mimic physiological ionic strength. Simulation was run with periodical boundary conditions, and particle mesh Ewald (PME) summation method was used to compute long-range electrostatics. Integration time step was 1 fs. System was initially minimized for 5000 steps, and gradually heated to 300 K in 64 000 steps. Then, pressure control was switched on, system was equilibrated for 300 ps at pressure target of 1.01325 bar, and production run was initiated to obtain trajectory of 104 ns total length. For production run, pressure and temperature in the course of simulation were held constant using a combination of the Nose-Hoover constant pressure method [20, 21] and Langevin dynamics with collision frequency of 5.0/ps. System coordinates were saved every 2 ps. Computations were performed on 32-core Intel(R) Xeon(R) CPU E5-2670 server. Plots were produced using RStudio software, and Matplotlib Python package [22, 23] .
Prior to trajectory analysis, implicit water was stripped from trajectory, and trajectory was down-sampled to 10 ps per frame, to reduce size. Initial 32 ns of the trajectory was omitted to avoid nonequilibrium transient effects (Fig.  S1 , http://links.lww.com/QAD/B323). Principal component analysis and clustering of protein conformations obtained from molecular dynamics trajectory was carried out using 'R' statistical software [24] with Bio3d library [25] .
Docking
Global docking was performed using servers Cluspro, HEX, SwarmDock, and Zdock, with calnexin and Nef structures submitted to all servers as receptor and ligand accordingly. The final dataset of 40 models included 10 best Nef-calnexin docking models from each server. The dataset was then submitted to the locally installed server QASDOM [26] (http://qasdom.eimb.ru) for analysis of interactions, identification of binding sites, and model ranking. A new functionality has been developed to compute maps of receptor-ligand interactions density, implemented in the in-house version of QASDOM and used in the analysis. To select a biologically meaningful 'good' subset from the full dataset of docking models, one must take into account that calnexin cytoplasmic domain connects to the transmembrane domain and Nef interacts with the endoplasmic reticulum membrane. The following criteria have been applied to reflect this. In the complex the positions of calnexin and Nef should be such that their N-termini point in the same direction, and they should be located so as to make possible connection to the membrane. Then the 'good' subset was submitted to QASDOM in order to perform model ranking, and obtain contact maps and interaction sites. Interaction sites in calnexin and Nef were selected according to the QASDOM criteria as linear clusters (stretches of sequence) with the number of residue interactions greater than the dataset median, and where the number of atomic interactions was greater than the median for the dataset.
Virtual screening Docking-based (structure-based) virtual screening was performed with locally installed software package AutoDock VINA 1.1.2 (http://vina.scripps.edu/) [27] . Structures of the target sites for virtual screening were prepared by the adt program (AutoDockTools). Computations were performed on a 32-core Intel(R) Xeon(R) CPU E5-2670 LINUX server. As a database of low molecular weight compounds, the publicly accessible ZINC database (http://zinc.docking.org/) [28] was used. For compatibility with our previous work [13] we used the NCI Plated 2007 dataset of 139 735 compounds (http://zinc.docking.org/catalogs/ncip).
Development and experimental testing of AMS-55
Despite its potent NEF-inhibitory activity, NSC13987 (Fig. S2a, http://links.lww.com/QAD/B323) is not an attractive target for drug development because of its extreme lipophilicity and poor aqueous solubility. Molecular modelling studies [13] revealed that both anthaquinone and the secondary amine in NSC13987 are essential for the biological activity. Therefore, our initial efforts were focused on chemical alterations to the benzanthrone moiety as a way to augment the aqueous solubility. AMS-55 represents the first, proof-of-concept compound featuring the replacement of benzanthrone moiety with less lipophilic naphthalene ring. It also contains a polar secondary amide group to further improve the aqueous solubility. Guided by the molecular modelling studies, our research was focused on the introduction of the polar carboxylic acid group to the core of AMS-55 (Fig. S2a , http://links.lww.com/QAD/ B323). Chemical synthesis of AMS-55 is described in Fig.  S2b (http://links.lww.com/QAD/B323). Aryl bromide 1 was converted into the corresponding carboxylic acid via Pd-catalyzed carbonylation. The latter was coupled with aniline using a peptide coupling agent 1-ethyl-3(3-diaminopropyl)carbodiimide) (EDCi). Deprotection of the Boc group, followed by the reaction of the resultant primary amine with commercially available bromoanthroquinone furnished the desired compound AMS-55. AMS-55 was tested for the ability to block the Nefmediated down-regulation of ABCA1, which was previously shown by us to depend on the blockade by Nef of the interaction between calnexin and ABCA1 [10] . HeLa-ABCA1 cells [29] were transfected with Nefexpressing or empty vector, treated with AMS-55 (1 mmol/l), and tested for plasma membrane-associated ABCA1 by western blot.
Results
Experimentally solved structure of calnexin is available only for the lumenal domain, and in order to obtain three-dimensional structure of calnexin cytoplasmic domain, we performed its modelling [13] with several servers implementing different methods. The models were ranked according to their quality, and the best model structure was used in subsequent round of expert modelling, producing the final model structure. The resulting model had a loosely folded globular structure (Fig. S3 , http://links.lww.com/QAD/B323). This structure has been used in the current study as a starting point for building a new high-quality model utilizing molecular dynamics simulation.
The most stable model of the protein structure was extracted from the resulting molecular dynamics trajectory (Fig. S1 , http://links.lww.com/QAD/B323). Trajectory was subjected to clustering analysis to split it into few clusters of the structurally similar conformations. Relative stability of the conformations was estimated by the amount of molecular dynamics time the protein spent within the same cluster (residence time), and the cluster density (i.e. root mean square deviation). Therefore, the most stable conformation is the one from which the structure does not deviate significantly for the longest time period during molecular dynamics run. Protein backbone conformation space, defined by the set of Ramachandran angles (w i , c i ) for all 90 backbone residues, has a dimensionality of 178. To make the problem addressable, the dimensionality was reduced to four principal components comprising largest variation. Agglomerative hierarchical clustering using Ward's method was then applied to classify the conformations into 10 groups of structurally similar ones. Conformation possessing minimum root mean square (RMS) difference against the average was selected from each group as a representative. Figure 1 summarizes the clustering analysis results. Three largest clusters of conformations are marked G, F, and C. Cluster G was found to be the densest (with the least variance), and to have the longest residence time of 24 ns (33% of total analysed trajectory length, vs. 18% for F, and 11% C), and corresponding representative conformation has been selected as the final model (shown in Fig. S3 , http:// links.lww.com/QAD/B323). In comparison with the initial structure, there were no dramatic changes. N and Cterminal parts of the structure have folded over onto the alpha-helical core resulting in a more tightly packed structure. The structure is stabilized by a network of interchain hydrogen bonds, including three bundles that are formed by multiple hydrogen bonds interconnecting residues located in distant segments of the structure (Fig.  S4 , http://links.lww.com/QAD/B323). Overall, the molecular dynamics results showed that the initial calnexin cytoplasmic domain model was sufficiently robust, and though it underwent structure rearrangement, this did not alter the basic fold of the protein.
Nef-calnexin interaction modelling has been performed by global docking using the approach, which is based on concurrent predictions with different docking servers. The combined data then includes models built with unrelated algorithms, and therefore, overall, it is more reliable than if a single server is used. To process such data and identify representative models that incorporate the most frequently occurring residue contacts in the dataset, we developed the QASDOM meta-server [26] . Results of the interactions data analysis include identification of the representative interaction sites and interacting residues in the receptor and ligand, shown in the map of Nef-calnexin contacts and diagrams of the linear contact clusters (Fig. 2 and Interactions Map Supplemental file, http://links.lww.com/QAD/B324). We have then formed a subset of biologically relevant 'good' docking models as described in the 'Methods' section. Relative positions of clusters of residue interactions for the full and 'good' datasets are in agreement, showing that the 'good' dataset adequately represents the full data. We have identified three major interaction sites in Nef (Fig. 3) , which is in agreement with our previous work [13] . The results confirm high frequency of contacts for the Nef N-terminal interaction site I including residues TRP5-ARG8 that were used for our previous run of virtual screening [13] . An extended site II was identified as a major site interacting with calnexin. Part of this site is formed by a left-handed polyproline-II helix (PPII) GLY71-GLN77, which is known as a preferable structure for protein-protein interactions [30, 31] . A range of interaction sites are present in calnexin in different models. Of these, consecutive sites A and B interact with all three sites in Nef (Fig. 3) . Overall, these sites display the highest number of atomic interactions, including high number of interactions with the Nef N-terminal site I. On the balance of number of contacts, calnexin sites A, B and E, and also Nef site II represent promising targets for docking-based virtual screening.
Virtual screening of compounds targeting Nef and calnexin sites has been performed using locally installed docking program Vina. For compatibility, as in our previous work where we performed virtual screening for Nef site I [13] , we have used compounds from the Zinc NCI Plated 2007 dataset. Screening has been set up for the segments covering interaction sites A-B, B, E in calnexin, and sites II and II-III in Nef (Fig. 4a) . Ten putative ligands were identified for each segment and prioritized according to the Vina ranking; Vina docking of the top-ranking compounds to calnexin structure from the Nef -calnexin complex is shown in Fig. 4b . Full list of the identified small-molecule drug candidates is presented in Tables S1 and S2 (http:// links.lww.com/QAD/B323). Excitingly, one of these compounds, ZINC03953858 (NSC13987), is the compound that was previously predicted by us and confirmed experimentally as inhibitor of the Nef site I [13] .
Modelling Nef-calnexin interaction Adzhubei et al. 2107 The NSC13987 compound, while effective in inhibiting Nef-calnexin interaction [13] , has poor solubility, hampering its further development for therapeutic applications. Therefore, in this study, we have developed an analogue of NSC13987, AMS-55 (Fig. 5a and Fig. S2 , http://links.lww.com/QAD/B323). Docking to major calnexin and Nef interaction sites showed that though the location of AMS-55 at the sites was similar to that of NSC13987, relative positioning of some of the chemical groups was different (Fig. S6 , http://links.lww.com/ QAD/B323). AMS-55 was tested for the ability to reverse the Nef-mediated decrease of plasma membrane ABCA1. Results in Fig. 5b show that relative abundance of plasma membrane ABCA1 in HeLa-ABCA1 cells transfected with Nef and treated with AMS-55 was reversed to levels in untransfected cells. No cytotoxicity of AMS-55 was observed in the tested range (0.1-10 mmol/ l). Given that decrease of plasma membrane ABCA1 is responsible for all Nef-mediated effects on cholesterol metabolism (inhibition of cholesterol efflux, increase of abundance of lipid rafts, decrease of high-density lipoprotein levels), this result suggests that AMS-55 can be considered a candidate for development as a therapeutic agent to treat HIV-associated atherosclerosis. 
Discussion
The goal of this study was to model Nef-calnexin cytoplasmic domain full interaction interface, and predict a range of possible small molecule inhibitors of this interaction. We have previously built models of Nef and calnexin cytoplasmic domain structures [13] . Quality of Nef model is adequate, but modelling of calnexin cytoplasmic domain was performed using less reliable templates. To enhance reliability of interaction prediction, we have started by applying molecular dynamics simulation to create a new model, based on the previously built model of calnexin cytoplasmic domain structure.
We have then performed interaction prediction by Nefcalnexin docking utilizing a new approach [32] and the QASDOM server developed by us and enabling enhanced interaction predictions from global docking data [26] . Using QASDOM server, we have obtained maps of predicted Nef-calnexin contacts, representative model structures of the complex, and location of the representative reciprocal interaction sites. Subsequently, we have used the predicted sites to carry out structurebased virtual screening, and identified small-molecule drugs that bind to these sites and thus can potentially inhibit Nef-calnexin interaction.
Small molecule compounds predicted for calnexin sites A and B are located on the surface, but for the compounds docked to site E, a major part of the molecules was positioned deep in the cleft in calnexin structure, with smaller part protruding above the molecular surface (Fig. 4b) . It is possible that such positioning can result in the compounds binding to site E, not only disrupting interaction with Nef, but also stabilizing the structure of calnexin. In the full virtual screening results list, there are compoundswithhighaffinitybeingpredictedfor morethan one site; one compound was predicted to have high affinity for calnexin sites A-B and Nef site II, two compounds with predicted affinity for calnexin site B and Nef site II, and one compound with predicted affinity for Nef sites II and II-III (Tables S1 and S2 , http://links.lww.com/QAD/B323). These compounds should be prioritized for experimental testing as potential drug candidates.
A rather remarkable result of virtual screening is that the compound 1[(7-oxo-7H-benz [de] anthracene-3-yl)amino]anthraquinone (ZINC03953858, NSC13987), identified by us in previous virtual screening as a compound potentially blocking the Nef N-terminal binding site I (LYS7) interacting with calnexin, has been also identified in this study as potentially blocking the calnexin site B (Fig.  S5 , http://links.lww.com/QAD/B323). Because the NSC13987 compound was shown experimentally to rescue Nef-inhibited cholesterol efflux by inhibiting Nefcalnexin interaction [13] , we can hypothesize that the compound disrupts this interaction by binding to both Nef and calnexin reciprocal interaction sites. To further optimize this effect, we synthesized a derivative of NSC13987, AMS-55. This compound potently inhibited the effect of Nef on ABCA1, reversing Nef-mediated down-regulation of plasma membrane ABCA1 (the portion of the transporter responsible for cholesterol efflux) to levels observed in control untreated cells (Fig. 5) .
Conclusions
The emphasis of this study was on modelling the full interaction interface in the complex of Nef with cytoplasmic domain of calnexin, aiming at subsequent identification of new compounds disrupting this interaction. We have modelled reciprocal binding sites in calnexin and Nef structures, and predicted smallmolecule compounds that can potentially inhibit this interaction by blocking the binding sites. Importantly, virtual screening confirmed the inhibitory potential of the previously identified drug NSC13987 [13] , and identified a number of new compounds. Experimental testing of optimized analogue of NSC13987, AMS-55, demonstrated potent activity of this compound in reversing the effect of Nef on ABCA1. These findings provide a platform for searching for new therapeutic agents to treat HIV-associated comorbidities, and we are planning to conduct extensive experimental testing of these compounds in our future work.
